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cost), can and have been framed differently by different authors [14, 19, 50] (and see main text). Here,
23
Population is given by the world population (fig. S1a). Affluence is approximated by the United
24
Nations Development Programme's (UNDP) Human Development Index (HDI, fig. S1b ), where the 25 direct access to ecosystem services and other natural assets in lower income countries (e.g. through
26
local or home production of food) compensates for the mainly market access to these services in richer 27 countries. Technology is approximated by Gross National Income (GNI, fig. S1c ), as a proxy for access 28 to and use of energy and manufactured products in richer vs. poorer countries. Quantitative 29 improvements can be made to this parametrization, that also deal better with correlation among the 30 factors, but the focus here is on broad properties [37] . 
38
The model proceeds on two premises, with three simplifying assumptions: Human Development Index (HDI) S1b,c), as projecting these several decades into the future is not possible simply.
63
Assumption 3 -the principle of 'common but differentiated responsibilities' as accepted in the impact should be proportional to current wealth (and this also reflects contribution to past impact) -
66
i.e. wealthier countries adopt higher efficiency targets to reduce their total impact, while poorer 67 countries adopt lower targets, and with later timelines. Over time, as wealth equilibrates across 68 countries, they will converge towards the same efficiency targets.
70
For this application, the IPAT equation is modified by a coefficient 'e', where e varies between 0 and 1 (0  e < 1; presented in the text as a percentage). e represents a reduction in total impact achieved 72 by reducing population, affluence, or technology, or a combination of these, below reference levels.
73
Thus, (1-e) enables calculation of the resulting Impact. The parameters population, affluence and 
81
Business as usual -current trends in population, HDI and GNI continue into the future. e = 0.
82
Using Assumption 2 to simplify calculations, HDI and GNI are capped at current levels in Very High
83
HDI countries.
84
Sustainable future -total Impact is capped at 2020 levels, achieved by varying e between 0 and 
122
HDI is a step in this direction. 
140
Further exploration of the premises, assumptions and corollaries of the model is possible (Table   141 S1) but beyond the scope of this paper.
142 143 Table S1 . Some assumptions and caveats about the model, of interest for further exploration.
Issue Description Within-country application
Within countries and economies, similar principles can apply among businesses, income classes and households, to achieve sustainability solutions in an equitable and transparent way. Current global footprint exceeds 1 planet earth Though capping affluence and technology at today's levels, the model also provides for potential reductions. The need for greater reduction is explicit in that humanity's footprint today is 1.5 planet earths (WWF 2016) , and this needs to reduce to under 1 for true sustainability. This is also illustrated by the need to reduce atmospheric carbon dioxide concentrations from today's level of 407 ppm to below the safe limit of 350 ppm that was passed before 1990 [55] . HDI and GNI cap (Assumption 2)
The assumption that caps HDI at current levels in Very High HDI countries could be relaxed, which would require greater efficiencies to be put in place. However, once transformations in P, A or T are underway, allowing HDI to grow may not have the same impact implications as it currently has. Measures of affluence and technology Use of HDI as the measure of affluence, and GNI for technology rather than affluence, may be debatable and provides avenues for improved parametrization of this model.
Does reducing impacts cost?
One assumption embedded within the principle of common but differentiated responsibilities (Assumption 3) is that there is a cost to reducing impact. This may not always be the case, as there may be multiple and broader benefits that stakeholders may obtain from more equitable approaches to reducing impact that transforms apparent costs into benefits, and this may be true for both richer [56] and poorer countries [57] . costs associated with reduction of impacts at source may be less than costs associated with those impacts borne by broader society, but not well-costed or accurately attributed, so this may be a matter of just attribution of costs.
146
The IPAT model has been debated extensively in the past and does have its weaknesses. These 147 are summarized as follows [58] : "IPAT itself has been criticized because it does not account for 148 interactions among the terms (e.g., increasing affluence can lead to more efficient technologies); it 149 omits explicit reference to important variables such as culture and institutions (e.g., social 150 organization); impact is not linearly related to the right side variables (there can be important 151 thresholds); and it can simply lead to wrong conclusions." The intent here is not to ignore these 152 problems, as they can be addressed in specific circumstances. Rather, the intent is to return to a 
156
Text S3 Estimating impact from images of household weekly food intake
157
Images household weekly food intake [30] were downloaded and the data derived from them 158 (Table S2 ). Various formulations of the IPAT equation were trialed (Table S2) 
